We used cells of the yeast Saccharomyces cerevisiae expressing green fluorescent protein (GFP) as fluorescently labelled prey to assess the phagocytic activities of the mixotrophic ciliate Paramecium bursaria, which harbours symbiotic Chlorella-like algae. Because of different fluorescence spectra of GFP and algal chlorophyll, ingested GFP-expressing yeast cells can be distinguished from endosymbiotic algal cells and directly counted in individual P. bursaria cells using fluorescence microscopy. By using GFP-expressing yeast cells, we found that P. bursaria altered ingestion activities under different physiological conditions, such as different growth phases or the presence/absence of endosymbionts. Use of GFP-expressing yeast cells allowed us to estimate the digestion rates of live prey of the ciliate. In contrast to the ingestion activities, the digestion rate within food vacuoles was not affected by the presence of endosymbionts, consistent with previous findings that food and perialgal vacuoles are spatially and functionally separated in P. bursaria. Thus, GFP-expressing yeast may provide a valuable tool to assess both ingestion and digestion activities of ciliates that feed on eukaryotic organisms.
INTRODUCTION
Phagotrophic protists are unicellular eukaryotes that ingest and graze organic matter as a food source to meet their energy and nutrient demands, and are important components of microbial food webs (Sherr and Sherr 2002; Weisse 2003) . Ciliates are a member of this group and thought to play important roles in aquatic ecosystems as grazers of bacteria, algae and other heterotrophic protists (e.g. Zingel et al. 2007 ). An understanding of the roles of ciliates in food webs requires knowledge of their feeding behaviours, including the ingestion and digestion of prey. Fluorescently labelled bacteria can be detected by several methods and have been frequently used to investigate bacterivory in ciliates (Sherr, Sherr and Fallon 1987) . In particular, bacteria cells expressing green fluorescent protein (GFP) (or other fluorescent proteins) are promising tools (Parry et al. 2001; Power et al. 2006) since they are live fluorescently labelled prey and can be detected without exogenous labelling. However, bacteria may not be a suitable food source for some ciliates that preferentially ingest larger particles and feed on eukaryotic prey such as algae and heterotrophic nanoflagellates (Weisse 2003 and references therein) .
Saccharomyces cerevisiae is a unicellular eukaryote. The cells of this yeast are ∼5 μm in diameter and amenable to genetic manipulation, including overexpression of GFP. They thus may have potential as live fluorescently labelled prey for phagotrophic protists. Although GFP-expressing yeast was previously used to estimate the digestion rate of Entamoeba (Mitra et al. 2005) , it has never been used for ciliates. In this study, we used GFPexpressing S. cerevisiae cells to assess phagotrophy in Paramecium bursaria, a freshwater ciliate harbouring several hundred endosymbiotic Chlorella-like green algae. Paramecium bursaria is a mixotrophic organism exhibiting both phagotrophy and phototrophy, and may show different ingestion or digestion activities depending on the prevailing physiological conditions. In a previous study, Berk, Parks and Ting (1991) estimated the ingestion rate of P. bursaria using fluorescent microspheres and reported that the rate was altered by photoadaptation. However, it remains unknown whether either ingestion or digestion activity is modulated under other conditions. Although several Paramecium species cannot grow on yeasts including S. cerevisiae (Pritchard, Porter and Montagnes 2016) , we showed that P. bursaria can grow on S. cerevisiae (Iwai, Fujiwara and Tamura 2016) . So far, it remains unclear what is optimal food for Paramecium species, while their growth can be supported not by bacteria alone but in the presence of plant infusions (Tokusumi and Takagi 2000) , implying that they feed on eukaryotic organisms in nature. Consistent with this notion, P. bursaria was shown to utilise unicellular alga Chlorogonium (Omura et al. 2004) . On the basis of these facts, we used S. cerevisiae cells overexpressing GFP as fluorescently labelled prey to monitor both the ingestion and digestion activities of P. bursaria under different experimental conditions such as different growth phases.
MATERIALS AND METHODS

Strains and culture of Paramecium bursaria
Paramecium bursaria strain HA1 (Iwai, Fujiwara and Tamura 2016) was used as the wild-type strain in this study. Aposymbiotic cells lacking algal endosymbionts were obtained by treating HA1 cells with cycloheximide (Ayala and Weis 1987; Kodama and Fujishima 2008) . After the removal of the endosymbionts, single aposymbiotic cells were isolated and cultured for >2 weeks to a density of >10 4 cells before performing the assays. The absence of the endosymbionts in those cells was confirmed using both light and fluorescence microscopy. All P. bursaria cells were grown in a simple culture system consisting of artificial pond water (AW; 0.3 mM NaCl, 0.1mM KCl, 0.1 mM MgSO 4 and 0.5 mM CaCl 2 ) and Saccharomyces cerevisiae strain BY4741 as a food source at 24
• C under a 12-h/12-h light-dark cycle as described by Iwai, Fujiwara and Tamura (2016) . Paramecium bursaria cells in log and stationary phases were removed from the culture 3-4 days and 14 days after culture initiation, respectively. To feed the stationary-phase cells, the cells cultured for 14 days were combined with S. cerevisiae BY4741 cells and incubated for two additional days in the presence or absence of 100 μg/ml puromycin (Wako, Japan), which inhibits P. bursaria protein synthesis (Ayala and Weis 1987) . This concentration of puromycin only slightly affected the viability of the ciliate for at least 2 days. The cell density of P. bursaria was measured according to Iwai, Fujiwara and Tamura (2016) .
GFP-expressing Saccharomyces cerevisiae cells
Yeast cells overexpressing GFP were prepared by introducing the plasmid pTOW-TEF1pro-GFP into S. cerevisiae BY4741 (Brachmann et al. 1998) . pTOW-TEF1pro-GFP is a multicopy plasmid that expresses yeast-enhanced GFP3 (Cormack et al. 1997) under the control of the strong TEF1 promoter and contains URA3 as a selection marker (Makanae et al. 2013 • C, and all the assays were performed within 1 day after suspending the cells in AW. The cell density of the yeast in the suspension was measured using a haemocytometer. To test the effect of acidic pH on GFP-yeast fluorescence, GFP-yeast cells were washed in distilled water and incubated in the waters in which pH was adjusted to 2, 4 and 6 with HCl.
Ingestion assays
Before conducting the ingestion assays, 5-ml aliquots of P. bursaria cultures were transferred to acrylic tubes (inner diameter 16 mm, length 35 mm) equipped with 11-μm pore size nylon net filters (Millipore), and P. bursaria cells that remained on the filters were washed five times with 1 ml of AW to remove excess yeast cells in the cultures. The washed P. bursaria cells were transferred to microtubes and incubated at 24
• C for 3 h under light to allow the cells to consume the yeast cells that remained in the cells. These P. bursaria cells and GFP-yeast cells prepared as above were mixed in microtubes at densities of 1-2 × 10 3 and 5 × 10 7 cells/ml, respectively. At 5-min intervals for 30 min after mixing, the P. bursaria cells were fixed by adding an equal volume of 6% formalin to aliquots of the mixture. The fixed P. bursaria cells were observed using fluorescence microscopy to count the number of ingested GFP-yeast cells. At least 10 P. bursaria cells were analysed at each time point.
Digestion assays
Before conducting the digestion assays, P. bursaria cells were washed and incubated in AW as described above. These P. bursaria cells and GFP-yeast cells prepared as above were mixed in microtubes at densities of 1-2 × 10 3 and 5 × 10 7 cells/ml, respectively. Following incubation for 10 min, the mixtures were transferred to tubes equipped with filters, as specified above. Paramecium bursaria cells that remained on the filters were washed five times with 1 ml of AW to remove excess GFP-yeast cells. Subsequently, the P. bursaria cells were transferred to microtubes and incubated at 24
• C under light. At 10 min, 30 min, 1 h, 1.5 h, 2 h, 3 h and 4 h after removing the GFP-yeast cells, fluorescence microscopy was used to count the remaining GFP-yeast cells in each living P. bursaria cell. At least 10 P. bursaria cells were analysed at each time point. To count the GFP-yeast cells outside the P. bursaria cells, at each time point, 20 μl of the suspension was mixed with an equal volume of 6% formalin and poured into a chamber that consisted of a solid silicone sheet with a 5-mm diameter hole and a glass slide. All external GFP-yeast and P. bursaria cells contained in the suspension were counted using fluorescence microscopy. To determine the apparent first rate constants for digestion, the number of remaining GFP-yeast cells was fitted with single exponentials using linear regression after logarithmic transformation. To statistically compare digestion rates, F-tests for difference between two regression coefficients were used.
Fluorescence microscopy
Living and fixed P. bursaria cells were placed onto glass slides and slightly compressed with coverslips for optimal observation. Compressed cells were observed with an Olympus BX51 microscope equipped with a 40× UPlanSApo objective and a mercury lamp as a light source. U-FGFP and U-MWIG3 filter sets (Olympus, Japan) were used to observe GFP fluorescence and chlorophyll autofluorescence, respectively. Fluorescence images were collected using a charge-coupled device camera (WAT-120N+; Watec, Japan) and processed using ImageJ (http://imagej.nih.gov/ij/).
RESULTS AND DISCUSSION
Ingestion
Saccharomyces cerevisiae cells overexpressing GFP in their cytoplasm under the control of the strong TEF1 promoter (Makanae et al. 2013 ) exhibited bright fluorescence and can be readily detected. To test whether these GFP-expressing yeast (GFP-yeast) cells can be used to monitor phagotrophy of Paramecium bursaria, P. bursaria cells harbouring endosymbionts were incubated with excess GFP-yeast cells (GFP-yeast/P. bursaria > 10 4 /1, above which the activity was maximal in our preliminary experiments) and observed using fluorescence microscopy. Almost all P. bursaria cells contained GFP-yeast cells in their food vacuoles within 10 min after mixing (Fig. 1a) . Since GFP and algal chlorophyll have different excitation and emission spectra, ingested yeast and endosymbiotic algal cells can be clearly distinguished using two different filter sets. The yeast and algal cells were never observed within the same areas in P. bursaria cells, supporting a previous finding that food and perialgal vacuoles are usually separate in this ciliate (Karakashian and Karakashian 1973) . We found that each food vacuole contained one to several yeast cells, suggesting that P. bursaria can only incorporate a certain number of yeast cells in a single food vacuole, in contrast to bacterial cells (Karakashian and Karakashian 1973) . Similar to endosymbiont-bearing wild-type cells, aposymbiotic cells lacking endosymbionts also ingested GFP-yeast cells (Fig. 1b) .
To determine whether growth conditions affect P. bursaria ingestion of GFP-yeast cells, we compared the ingestion of endosymbiont-bearing wild-type P. bursaria cells in log phase with that of the cells in stationary phase. The cells in the log and stationary phases were prepared using a culture system described previously (Iwai, Fujiwara and Tamura 2016) . To estimate ingestion activities, P. bursaria cells fed with GFP-yeast cells were formalin-fixed at 5-min intervals, and the ingested yeast cells were directly counted using fluorescence microscopy at each time point. The number of ingested cells increased rapidly within the first 5 min and gradually thereafter (Fig. 2a) . Since our interest was in the feeding behaviors of P. bursaria under different physiological conditions, we hereafter focus on the numbers of ingested cells in this gradually increasing phase, which showed more pronounced differences than the ingestion rates. The number of ingested cells in the stationary phase was significantly smaller than in the log phase (Mann-Whitney U-test, P < 0.001 at 30 min). The higher ingestion in the log-phase cells did not result from prolonged digestion, since the digestion rates of the log-and stationary-phase cells were not greatly different (data not shown). Once the stationary-phase cells were fed with BY4741 yeast cells for 2 days, the number of ingested GFP-yeast cells in the assay increased to a level similar to that of the logphase cells. By contrast, this was prevented in the presence of 100 μg/ml puromycin, which inhibits P. bursaria protein synthesis (Ayala and Weis 1987) . These results suggest that in P. bursaria, expression of some types of proteins involved in ingestion might be suppressed during the stationary phase and induced upon the addition of food. Further studies will be necessary to determine whether the stationary-phase cells return to the log phase upon such 2 days of feeding.
To determine whether algal endosymbionts affect P. bursaria ingestion, we compared the ingestion of wild-type and aposymbiotic P. bursaria cells in the log phase (Fig. 2b) . Because aposymbiotic cells in the stationary phase died rapidly due to lack of energy (data not shown), it was difficult to estimate activity in those cells. In the log phase, aposymbiotic cells ingested a significantly higher number of yeast cells (Mann-Whitney U-test, P < 0.001 at 30 min), indicating that ingestion was attenuated by endosymbionts as previously described by Berk, Parks and Ting (1991) . To determine whether aposymbiotic cells ingested more yeast cells due to larger cytoplasmic spaces, we tested whether the number of ingested yeast cells was negatively correlated with that of endosymbionts. Paramecium bursaria cells that were cultured in darkness for 4 days to produce intermediate endosymbiont numbers (113 ± 56 endosymbionts/P. bursaria) were fed with GFP-yeast cells for 20 min, and the numbers of both the ingested yeast cells and the endosymbionts in each P. bursaria cell were counted. No correlation was found ( Fig. 2c ; r = 0.06), suggesting that the increased ingestion in aposymbiotic cells was not due to cytoplasmic space but rather to increased enzymatic activities. The difference in the size of these cells was so small (cell length, 124 ± 9 μm; N = 32) that it would not contribute to the large difference in the ingestion numbers (65 ± 33). Assuming that a certain amount of proteins must be allocated to endosymbiont interaction in host cells harbouring endosymbionts, it is reasonable that ingestion activity may be lowered in such mixotrophic cells. It may be unlikely that greater nutrient demands of aposymbiotic cells stimulated their ingestion activities, because phagotrophy is important for growth of P. bursaria whether it harbours the endosymbionts or not (Iwai, Fujiwara and Tamura 2016) .
Digestion
GFP-expressing yeast cells are live and intact and thus may provide information on the digestion of natural prey by ciliates. To monitor the digestion of P. bursaria, log-phase cells were mixed with GFP-yeast cells for 10 min. Subsequently, non-ingested yeast cells were removed, and the yeast cells remaining in the ciliate cells were counted at ∼30 min intervals. For both the wildtype and aposymbiotic cells, the number of remaining yeast cells decreased over time and was reached almost zero within 4-5 h ( Fig. 3a ; see also Fig. 1c-d) . In ciliates such as Paramecium, ingested yeast cells are subjected to acidification for several minutes within the food vacuoles (Fok, Lee and Allen 1982; Kodama and Fujishima 2005) . However, we confirmed that GFP fluorescence of GFP-yeast cells was not significantly affected by external acidic pH for at least 1 h and still can be detected using fluorescence microscopy ( Fig. 3b) , consistent with the fact that the intracellular pH of S. cerevisiae was not affected by external acidic pH (Orij et al. 2009 ). Consequently, the loss of GFP fluorescence indicates that the yeast cells were eliminated either by digestion or egestion. We observed several living P. bursaria cells and found that the GFP-yeast cells were rarely egested (<1 yeast/P. bursaria/h), while the once-egested yeast cells were not broken down but were detectable for at least several minutes (data not shown). To quantitatively estimate the contribution of egestion, GFP-yeast cells located outside P. bursaria cells were counted at the same time. Throughout the digestion process, only a few external yeast cells per P. bursaria cell were counted. These numbers were much lower than the numbers of initially ingested cells, implying that the majority of ingested yeast cells were not egested but eventually digested. Additionally, the rare occurrence of egestion suggests that re-ingestion of the egested yeast cells would also occur too infrequently to significantly affect digestion kinetics.
The numbers of initially ingested yeast cells were somewhat different between the wild-type and aposymbiotic cells as described above. Therefore, to compare their digestion kinetics, the numbers of remaining yeast cells were fitted with single exponentials to determine the first rate constants for digestion, assuming that digestion is non-selective and random as shown in P. tetraurelia (Berger and Pollock 1981) . The apparent first rate constants for the wild-type and aposymbiotic cells were calculated as 0.73 ± 0.09 h −1 and 0.68 ± 0.09 h −1 (mean ± SD), respectively. The digestion rates of the wild-type and aposymbiotic cells did not differ significantly (F-test, P = 0.50), suggesting that the presence of endosymbionts did not affect prey digestion rates within the food vacuoles. This finding is consistent with previous findings that food (or digestive) vacuoles and perialgal vacuoles enclosing the endosymbionts are spatially and functionally separated in the host; the perialgal vacuoles are mainly located in the peripheral cytoplasm of the host and consequently, endosymbionts escape digestion caused by lysosomal fusion of the vacuoles (Karakashian and Karakashian 1973; Karakashian and Rudzinska 1981; Meier et al. 1984) . Because of this separation of the two types of vacuoles, endosymbiontbearing cells do not need to restrain digestion activities within their food vacuoles.
CONCLUSION
By using Saccharomyces cerevisiae cells overexpressing GFP as fluorescently labelled prey, we assessed the phagocytic activities of the mixotrophic ciliate Paramecium bursaria, which harbours symbiotic Chlorella-like algae. Because of yeast cell size and different excitation and emission spectra between GFP and algal chlorophyll, ingested GFP-expressing yeast cells can be distinguished from endosymbiotic algal cells and directly counted in each P. bursaria cell using conventional fluorescence microscopy. Paramecium bursaria altered ingestion activities, particularly the maximal numbers of ingested cells, depending on its different physiological conditions, such as different growth phases or the presence/absence of endosymbionts. Use of GFP-expressing yeast cells as live fluorescently labelled prey allowed us to estimate the digestion rates of live prey of the ciliate. In contrast to the ingestion activities, the digestion rate within food vacuoles was not affected by the presence of endosymbionts, consistent with previous findings that food and perialgal vacuoles are spatially and functionally separated in P. bursaria. Given that P. bursaria (Iwai, Fujiwara and Tamura 2016) and at least a few other ciliates (Pritchard, Porter and Montagnes 2016) were shown to utilise yeasts as food sources, GFP-expressing yeast cells may provide a useful tool to assess both the ingestion and digestion activities of some ciliates that primarily feed on eukaryotic organisms.
